Background: Chemoresistance is a major obstacle for the effective treatment of lung adenocarcinoma (LAD). Forkhead box (FOX) proteins have been demonstrated to play critical roles in promoting epithelialmesenchymal transition (EMT) and chemoresistance. However, whether FOX proteins contribute to the acquisition of EMT and chemoresistance in LAD remains largely unknown. Methods: FOX-A1 expression was measured in LAD cells and tissues by qRT-PCR. The expression levels of EMT markers were detected by western blotting and immunofluorescence assay. The interaction between Sex determining region Y-box protein 5 (SOX5) and FOX-A1 was validated by chromatin immunoprecipitation sequence (ChIP-seq) and Chromatin immunoprecipitation (ChIP) assay. Kaplan-Meier analysis and multivariate Cox regression analysis were performed to analyze the significance of FOX-A1 and SOX5 expression in the prognosis of LAD patients. Findings: FOX-A1 was upregulated in docetaxel-resistant LAD cells. High FOX-A1 expression was closely associated with a worse prognosis. Upregulation of FOX-A1 in LAD samples indicated short progression-free survival (PFS) and overall survival (OS). SOX5 is a new and direct target of FOX-A1 and was positively regulated by FOX-A1 in LAD cell lines. Knockdown of FOX-A1 or SOX5 reversed the chemoresistance of docetaxel-resistant LAD cells by suppressing cell proliferation, migration and EMT progress. Interpretation: These data elucidated an original FOX-A1/SOX5 pathway that represents a promising therapeutic target for chemosensitizing LAD and provides predictive biomarkers for evaluating the efficacy of chemotherapies.
Introduction
Lung adenocarcinoma (LAD), representing one of the leading cause of cancer-related mortality, has become the main human malignant cancer and a predominant public health problem around the world [1] [2] [3] . Although alternative therapeutic methods for LAD patients have been expanded over the past decades, the 5-year survival rate of patients with LAD remains b20% [4] . Despite the great progress and a significant improvement have been made in new therapeutic strategies, chemotherapy is still the cornerstone for the treatment of advanced LAD patients [5] [6] [7] [8] [9] . Nevertheless, most LAD patients quickly undergo disease progression and eventually die of chemoresistance and metastasis. Thus, exploring the potential molecular mechanisms accounting for acquisition and maintenance of LAD chemoresistance has been an urgent need for the exploration of novel therapeutic targets for reversing chemoresistance to achieve a better prognosis for LAD patients.
Epithelial-mesenchymal transition (EMT), a developmental process that involves a loss of epithelial characteristics and acquisition of mesenchymal phenotypes, has recently been reported to play an essential role in driving tumor progression, metastasis and chemoresistance [10] [11] [12] [13] . Importantly, tumor cells with EMT phenotypes often exhibit enhanced motility, invasive abilities and chemoresistant characteristics, while the reversal of EMT to mesenchymal-epithelial transition (MET) can attenuate the metastatic and chemoresistant characteristics of tumor cells [12, 14, 15] . To further explore the mechanisms underlying acquired chemoresistance in LAD cells, the docetaxel-resistant SPC-A1 (SPC-A1/DTX) and H1299 (H1299/DTX) cell lines with acquired characteristics of EMT and enhanced capacities for invasion and migration, have previously been established via continuous exposure of the parental LAD cells (SPC-A1 and H1299) to docetaxel for N1 year until the cells acquired taxane (docetaxel and paclitaxel) resistance [16] . However, the potential mechanisms responsible for the acquisition of EMT characteristics and chemoresistance of docetaxel-resistant LAD cells have remained largely unclear and require further exploration.
Forkhead box (FOX) proteins make up a family of evolutionarily conserved DNA-binding proteins that regulate transcription and play pivotal roles in exacerbating the development and maintenance of EMT, tumor metastasis and chemoresistance [17] . FOXM1D promotes EMT and metastasis in colorectal cancer by inducing actin assembly and impairing E-cadherin expression [18] . Foxf2, which is elevated in mesenchymal-like metastatic lung cancer cells, induces EMT, invasion and metastasis of lung cancer cells by transcriptionally repressing E-cadherin and microRNA-200 [19] . Tyrosine kinase inhibitors activate the AKT/FOXM1/STMN1 pathway, promoting the acquisition of EMT characteristics and multidrug resistance in non-small cell lung cancer cells [20] . FOXM1 inhibition reverses the chemoresistance of paclitaxel-resistant nasopharyngeal carcinoma cells that have acquired EMT and multidrug-resistance phenotypes by blocking drug efflux and increasing the intracellular concentrations of paclitaxel [21] . Collectively, the pivotal roles of EMT in the induction of metastasis and chemoresistance in these solid tumors suggest that Fox proteins might be responsible for the acquisition of metastatic characteristics and chemoresistance in LAD.
Here, we present the first evidence that FOX-A1 plays pivotal roles in exacerbating the development of EMT, metastasis and chemoresistance of docetaxel-resistant LAD cells, and knockdown of FOX-A1 reverses EMT to MET, attenuates metastatic characteristics and reverses the chemoresistance of docetaxel-resistant LAD cells by silencing Sex determining region Y-box protein 5 (SOX5), which is identified as a new and direct target of FOX-A1. These data elucidate an original FOX-A1/SOX5 pathway that represents a promising therapeutic target for reversing EMT characteristics and chemoresistance of LAD, thus providing predictive markers for evaluating the efficacy of chemotherapies.
Materials and method

Ethics approval
This study was approved by the Review Board of Hospital Ethics Committee of Nanjing General Hospital of Nanjing Military Command (No. 2012-2-12-015, No. 2012-2-13-022, Nanjing General Hospital of Nanjing Military Command, Nanjing University, China) and conducted in accordance with the Declaration of Helsinki, and written informed consent was obtained from all patients before specimen collection.
Cell lines, mice and chemical reagents
Human bronchial epithelioid cell (HBE) and LAD cells (SPC-A1, H1299, A549, H1650, Calu, H1975, H3122, H157, HCC827 and CAL-12 T) were obtained from Shanghai Institute of Cell Biology (Shanghai, China). Docetaxel-resistant SPC-A1 (SPC-A1/DTX) and H1299 (H1299/ DTX) cells were previously established via continuous exposure of the parental LAD cells (SPC-A1 and H1299) to docetaxel for N1 year until the cells acquired taxane (docetaxel and paclitaxel) resistance [16] . Then, the docetaxel-resistant cells were preserved in 50.0 μg/L docetaxel.
The 4-6-week-old BALB/c athymic nude mice (76, male, 18-20 g, specific pathogen-free, SPF) were provided by the Department of Comparative Medicine of Nanjing Jinling Hospital (Nanjing University, China) and maintained in laminar flow cabinets under SPF conditions. Mouse experiments were conducted in accordance with the approval of the Institutional Committee for Animal Research of Nanjing Jinling Hospital (Nanjing University, China). The 4-6-week-old BALB/c athymic nude mice were housed in SPF facility. Environmental conditions were a temperature of 26-28°C, humidity of 40%-60%, and a 10:14 light:dark cycle with lights on at 08:00 and off at 18:00. The mice were housed in 97cm 2 cages (Plastic cages with sealed air filter) placed in laminar flow cabinets and fed ad libitum mice maintenance food and water. The bedding material was grinded corn stalks. The cages were cleaned once a week. All materials (feed, water and other materials) that come into contact with mice was sterilized. Mice were sacrificed using carbon dioxide euthanasia. Docetaxel was purchased from Sigma Chemical Co. (St. Louis, MO, United States of America), prepared with dimethylsulfoxide and diluted in phosphate-buffered saline (PBS) to the required concentrations according to each experiment.
Patients
LAD tissues were obtained from patients with advanced LAD at the Department of Medical Oncology of Nanjing Jinling Hospital between
Research in context
Evidence before this study Chemoresistance is a major obstacle for the effective treatment of LAD. EMT has recently been reported to play an essential role in driving tumor progression and chemoresistance. FOX proteins have been demonstrated to promote EMT in tumor progression. However, whether FOX proteins contribute to the acquisition of EMT and chemoresistance in LAD remains largely unknown and necessitates further exploration.
Added value of this study
Exploring the potential molecular mechanisms accounting for acquisition and maintenance of LAD chemoresistance has been an urgent need for the exploration of novel therapeutic targets for reversing chemoresistance to achieve a better prognosis for LAD patients. These data contribute to reveal a promising therapeutic target for chemosensitizing LAD and provide predictive markers for evaluating the efficacy of chemotherapies.
Implications of all the available evidence
In this study, we present the first evidence that FOX-A1 plays pivotal roles in exacerbating the development of EMT, metastasis and chemoresistance of docetaxel-resistant LAD cells, and knockdown of FOX-A1 reverses EMT to MET, attenuates metastatic characteristics and reverses the chemoresistance of docetaxelresistant LAD cells by silencing SOX5, which is identified as a new and direct target of FOX-A1. These data elucidate an original FOX-A1/SOX5 pathway that represents a promising therapeutic target for reversing EMT characteristics and chemoresistance of LAD, providing predictive markers for evaluating the efficacy of chemotherapies. Hospital Ethics Committee of Nanjing Jinling Hospital (Nanjing University, China) and written informed consent was obtained from all patients.
In vitro chemosensitivity assay
The chemosensitivity assay was performed using the cell counting kit-8 (CCK-8) (Dojindo, Kumamoto, Japan) assay in accordance with the manufacturer's instructions. Briefly, 3000 LAD cells were plated in 96-well plates 24 h after transfection. Next, the cells were treated with different doses of docetaxel and cultured for 48 h. Then, CCK-8 solution was added and incubated at 37°C for 4 h. The absorbance was detected at 450 nm with a microplate reader (Bio-Rad, USA). 2.5. RNA extraction, quantitative real-time reverse-transcription polymerase chain reaction (qRT-PCR), western blotting, immunofluorescence assay, colony formation assay, flow cytometric analysis and dual luciferase reporter assay RNA extraction, qRT-PCR, western blotting, immunofluorescence, colony formation, in vitro transwell, flow cytometric and dual luciferase reporter assays were performed as previously described in our work [16, 22] . The primer pairs for the FOX genes and SOX5 are presented in Supplementary Table 1 . Primary antibodies against cleaved caspase-3 (1:1000, rabbit IgG), caspase-3 (1:1000, rabbit IgG), β-actin (1:1000, rabbit IgG), GAPDH (1:1000, rabbit IgG), FOX-A1 (1:1000, rabbit IgG), E-cadherin (1:1000, rabbit IgG), N-cadherin (1:1000, rabbit IgG) and Vimentin (1:1000, rabbit IgG) were purchased from Cell Signaling Technologies of USA. Primary antibodies against SOX5 (1:1000, rabbit IgG) was purchased from Millipore of Hong Kong.
Construction of plasmids and cell transfection
The primer pairs used for the sh-control, sh-FOX-A1#1, sh-FOX-A1#2, sh-FOX-A1#3, sh-SOX5#1, sh-SOX5#2, sh-SOX5#3, pcDNA-FOX-A1 and pcDNA-SOX5 are presented in Supplementary Table 2 . The human SOX5 promoter construct (−1990/0 SOX5) was generated from genomic DNA according to the sequence (−1990/0) of the 5′-flanking region of the human SOX5 gene. Then, the region was amplified by PCR and cloned into the pGL3-basic vector (Promega, San Luis, CA, USA) at KpnI and HindIII sites. The 5′-flanking deletion promoter constructs (−1849/0 SOX5, −1592/0 SOX5, −1520/0 SOX5, −1490/0 SOX5, −470/0 SOX5) were generated with the −1990/0 SOX5 construct as a template and similarly cloned. Mutation of FOX-A1 binding site-mutant constructs was generated using a QuikChange XL site-directed mutagenesis kit from Stratagene (La Jolla, CA, USA). All primer sequences are presented in Supplementary Table 3 . All vectors were confirmed by DNA sequencing. Cells were transfected with Turbofect Transfection Reagent (Thermo Scientific, USA) according to the manufacturer's instructions. 
Xenograft transplantation
The mice were randomly allocated to four groups (sh-control/sh-FOX-A1#1 or sh-control/sh-SOX5#3) with random number table. The experimenters were blinded to the docetaxel treatment and tumor volume measurement. Approximately 2 × 10 6 SPC-A1/DTX cells stably transfected with sh-control, sh-FOX-A1#1 or sh-SOX5#3 vector were suspended in 100 μL of phosphate-buffered saline and injected into the flanks of nude mice (n = 19, The 4-6-week-old BALB/c athymic nude mice were randomly allocated to sh-control, sh-FOX-A1#1 or sh-SOX5#3). Tumor volume was determined using the eq. V = a × b 2 × 0.5 (mm 3 , a = largest diameter, b = perpendicular diameter). Once the tumor volume reached approximately 50 mm 3 , 1.0 mg/kg docetaxel (1.0 mg/kg, one dose every other day, three doses in total) was administered by intraperitoneal injection [22] . 36 mice were sacrificed for subsequent studies on day 30, while the other 40 mice were maintained for further OS studies. Ki67, proliferating cell nuclear antigen (PCNA) staining and TUNEL staining were performed according to the manufacturer's instructions. Spots were examined independently by two observers blinded to treatment group. Proliferative activity was assessed by the percentage of positive tumor cells. For the OS studies, Cumulative survival probability curves were plotted with a KaplanMeier method and compared using a log-rank test. Mice were monitored twice daily for health status and there were no adverse events observed.
ChIP and ChIP-seq assay
The ChIP assay was performed using Immunoprecipitation Assay Kits (Millipore, USA) as described previously in our work [22] . The antibody against FOX-A1 (1:50, rabbit IgG) was purchased from Cell Signaling Technologies of USA. Eluted DNA fragments were analyzed by qRT-PCR. The primers used in the ChIP assay are provided in Supplementary Table 4 . DNA libraries for Illumina cluster generation were performed as previously described [23, 24] . Eluted DNA fragments were subjected to sequencing with Illumina HiSeq 2000 according to the manufacturer's protocol. ChIP-Seq analysis was performed as previously described with modifications [25, 26] .
Statistical analysis
SPSS software (version 17.0, SPSS Inc., Chicago, IL, USA) was utilized for statistical analysis. The data are presented as the means±standard deviation of at least three independent experiments. One-way ANOVA was performed to analyze multiple group comparisons of quantitative data, and the Student's t-test was performed to analyze two-group comparisons of quantitative data. The Chi-square test was used for categorical data. Cumulative survival probability curves were plotted with a Kaplan-Meier method and compared using a log-rank test. A Cox proportional hazards regression model was used to determine prognostic factors of PFS and OS. Correlations were confirmed by linear regression analysis. ⁎/# P b .05 was considered statistically significant.
Results
FOX-A1 is upregulated in docetaxel-resistant LAD cells and insensitive LAD tissues and correlated with a poor prognosis of LAD patients
Recent studies have demonstrated that acquired chemoresistance often results in failure of therapies, tumor metastasis and relapse. To explore the underlying mechanisms of acquired docetaxel resistance in LAD cells, we have previously established docetaxel-resistant SPC-A1 (SPC-A1/DTX) and H1299 (H1299/DTX) cell lines via continuous exposure of the parental LAD cells (SPC-A1 and H1299) to docetaxel for more than one year until the cells had acquired taxane resistance [16] . Previously, we have confirmed that the docetaxel-resistant LAD cells acquired EMT phenotypes and showed increased invasion and migration capacities [16] . However, the potential mechanisms associated with the docetaxel-resistance of LAD cells remain largely unknown and necessitate further exploration. FOX proteins, making up a family of evolutionarily conserved transcriptional regulators, play important roles in various biological processes, including EMT, tumor invasion and metastasis and chemoresistance.
First, qRT-PCR was performed to measure mRNA expression of Fox genes in parental and docetaxel-resistant LAD cells. As shown in Fig. 1a , FOX-A1 was significantly upregulated in both docetaxelresistant LAD cells compared with the parental LAD cells. Similarly, the protein level of FOX-A1 was also higher in docetaxel-resistant LAD cells compared with the parental LAD cells (Fig. 1b) . Interestingly, FOX-A1 was upregulated in the parental LAD cells induced by docetaxel in a dose-and time-dependent manner (Fig. 1c-d) . Additionally, cell lines used in this study are resistant to multidrug. As presented in Supplementary Fig. 7a , knockdown of FOX-A1 also reduced the resistance of SPC-A1/DTX and H1299/DTX cell lines to cisplatin (CDDP) and paclitaxel (PTX). Similarly, we also examined the expression level of FOX-A1 in cells treated with CDDP or PTX in a dose-or time-dependent manner. It was found that FOX-A1 expression was gradually increased in cells treated CDDP or PTX in a dose-or time-dependent manner (Supplementary Fig. 8a-b) . Furthermore, 52 LAD tissues obtained from patients who had received docetaxel-based chemotherapies were divided into insensitive LAD tissue (complete or partial response, CR + PR; n = 24) and sensitive LAD tissue (stable or progressive disease, SD + PD; n = 28) groups. qRT-PCR was performed to detect FOX-A1 expression in the two groups and revealed that FOX-A1 was significantly upregulated in insensitive LAD tissues compared with sensitive LAD tissues ( Fig. 1e and Supplementary Fig. 6a ). Furthermore, relative higher expression level of FOX-A1 was examined in tumor tissues compared with normal lung tissues (Fig. 1f and Supplementary Fig. 6b ). Next, a receiver operating characteristic (ROC) curve analysis was performed to determine the optimal cut-off values for the expression level of FOX-A1, which was 0.959 in LAD tissues. Interestingly, high FOX-A1 -control) , and the mRNA and protein expression of SOX5 were measured by qRT-PCR and western blotting. GAPDH was used as an internal control. ⁎⁎ P b 0.01. c, FOX-A1 transactivated SOX5 promoter activity. A SOX5 promoter luciferase construct, (−1990/0)SOX5, was cotransfected with pcDNA-FOX-A1 (or pcDNA-control), and the promoter activity was measured using a luciferase reporter assay. ⁎⁎ P b 0.01. d, Three FOX-A1 binding sites were identified in the SOX5 promoter. Serially truncated and site-mutated regions of the SOX5 promoter were constructed (left) and cloned into a pGL3-basic vector. These luciferase reporter vectors were then transfected into SPC-A1/DTX cells co-transfected with Renilla luciferase and pcDNA-FOX-A1 (or pcDNA-control) vectors. Then, the relative luciferase activity was detected using a dual-luciferase reporter assay (right). ⁎⁎ P b 0.01. e, FOX-A1 bound to the SOX5 promoter in vivo. Chromatin immunoprecipitation (ChIP) assays were performed using SPC-A1/DTX cells with antibodies directly against FOX-A1 or IgG control. expression was closely associated with advanced clinical stage, worse tumor response, and poor tumor differentiation and prognosis (Supplementary Table 5 ). Kaplan-Meier analysis indicated that high FOX-A1 expression was associated with a shorter PFS and OS (Fig. 1g-h) . Finally, high FOX-A1 expression was identified as an independent prognostic factor for poor PFS and OS in LAD patients by univariate and multivariate Cox regression analysis (Supplementary Table 6-7) . Moreover, the expression of FOX-A1 was detected in all ten NSCLC cell lines and human normal bronchial epithelioid cell line. It was found that FOX-A1 was expressed at high level at ten NSCLC cell lines ( Supplementary  Fig. 7b ). Then, we tested the effect of FOX-A1 to the docetaxelresistance of other eight NSCLC cell lines. Interestingly, overexpression of FOX-A1 enhanced the half maximal inhibitory concentration (IC 50 ) value of all other eight NSCLC cell lines (Supplementary Fig. 7c ).
FOX-A1 promotes chemoresistance, migration, invasion and EMT of docetaxel-resistant LAD cells
To further investigate the functional role of FOX-A1 in regulating the chemoresistance of docetaxel-resistant LAD cells, shRNA(sh)-FOX-A1#1, sh-FOX-A1#2, sh-FOX-A1#3 or sh-control vector was transfected into docetaxel-resistant LAD cells. The sh-FOX-A1#1 vector exhibited the highest interference efficiency (Fig. 2a) . Considering the low expression level of FOX-A1 in parental LAD cells, we overexpressed it by transfecting with pcDNA-FOX-A1 or empty vector (NC) (Supplementary (Fig. 2b) . The IC 50 value of parental cells transfected with FOX-A1 expression vector was significantly higher than those transfected with empty vector (Supplementary Fig. 4b) . Next, downregulation of FOX-A1 significantly suppressed the colony formation capacity of SPC-A1/DTX and H1299/ DTX cells in vitro (Fig. 2c) . Then, a flow cytometric analysis was used to detect early apoptosis and indicated that inhibition of FOX-A1 increased early apoptosis in sh-FOX-A1#1-transfected SPC-A1/DTX and H1299/ DTX cells compared with sh-control-transfected SPC-A1/DTX and H1299/DTX cells (Fig. 2d) . Moreover, western blotting to detect cleaved-caspase-3 indicated that the cleaved-caspase-3 protein level was significantly upregulated in sh-FOX-A1#1-transfected SPC-A1/DTX and H1299/DTX cells in comparison to the control group (Fig. 2e) . Additionally, overexpression of FOX-A1 promoted the colony formation ability and suppressed apoptosis in parental LAD cells ( Supplementary  Fig. 4c-d) .
EMT plays important roles in the promotion of chemoresistance, migration and invasion of docetaxel-resistant LAD cells. As shown in Fig. 3a , the transwell assay and Matrigel transwell assay indicated that suppression of FOX-A1 could significantly inhibit the migration and invasion of SPC-A1/DTX and H1299/DTX cells. A typical characteristic of EMT is increased expression of mesenchymal markers such as Ncadherin and Vimentin and decreased expression of epithelial markers such as E-cadherin. Next, western blotting was performed to evaluate the expression of epithelial and mesenchymal molecular markers and indicated that expression of an epithelial protein marker (E-cadherin) was dramatically increased in sh-FOX-A1#1-transfected SPC-A1/DTX and H1299/DTX cells compared with the control group (Fig. 3b) . Conversely, the mesenchymal markers (N-cadherin and Vimentin) were significantly reduced in sh-FOX-A1#1-transfected SPC-A1/DTX and H1299/DTX cells compared with the control group. Furthermore, an immunofluorescence assay was conducted to detect the expression of epithelial and mesenchymal molecular markers. The expression of E-cadherin was significantly increased while the expression of N-cadherin and Vimentin was dramatically decreased in sh-FOX-A1#1-transfected SPC-A1/DTX cells compared with the control group (Fig. 3c) . These data indicated that inhibition of FOX-A1 reversed EMT to MET in docetaxel-resistant LAD cells. Therefore, we confirmed the oncogenic role of FOX-A1 in LAD progression and the effects on the chemoresistance of docetaxel-resistant LAD cells.
Next, in vivo experiments were further conducted to determine the role of FOX-A1 in the chemoresistance of docetaxel-resistant LAD cells to docetaxel. First, approximately 2 × 10 6 SPC-A1/DTX cells that were stably transfected with sh-control or sh-FOX-A1#1 vector were subcutaneously transplanted into nude mice. Once the tumor size had reached approximately 50 mm 3 , docetaxel (1.0 mg/kg, one dose every other day, three doses in total) was administered, and the tumor volume was measured. Tumor volume in sh-control-transfected group was as follows: (day 5: 71.5 ± 6.6 mm 3 , day 10: 124. (Fig. 4b) . Tumor volume in sh-FOX-A1#1-transfected group was as follows: (day 5: 66. 297.5 ± 85.8 mm 3 , respectively) (Fig. 4b) . Tumor weight was 0.22 ± 0.09 g in sh-FOX-A1#1-transfected group. Tumor weight was 0.65 ± 0.11 g in sh-control-transfected group (Fig. 4c) . The body weight of nude mice was measured and shown in Supplementary Fig. 7d . Next, immunohistochemical staining revealed that downregulation of FOX-A1 significantly decreased the positive rate of Ki67 and PCNA (Fig. 4d-f) . The increased level of E-cadherin and decreased levels of N-cadherin and Vimentin were examined in sh-FOX-A1#1 group compared to the control group (Fig. 4g) . TUNEL staining showed that apoptotic cells were increased in the sh-FOX-A1#1 group in comparison to the control group (Fig. 4d) . Finally, Kaplan-Meier analysis of the OS data indicated that suppression of FOX-A1 was significantly associated with a longer OS in mice (Fig. 4h) . Some proteins have been reported to be crucial regulators in the chemoresistance of human cancer cells. For example, ABCB1 (P-glycoprotein, MDR-1) has been verified to be an important DTX-resistant protein [27] . Here, we examined the protein level of ABCB1 in FOX-A1-overexpressed parental cell lines or FOX-A1-downregulated docetaxel-resistant cell lines. The protein level was not significantly changed ( Supplementary Fig. 8c ).
SOX5 is identified as a new and direct target of FOX-A1
ChIP sequencing data revealed that SOX5 might be a potential target of FOX-A1 (Supplementary Fig. 1a ). The information of the 20 candidate genes is presented in Supplementary Table 8 . Among which, SOX5 had highest peak score. According to the ChIP sequencing data, the GO enrichment analysis and KEGG pathway analysis were conducted (Supplementary Fig. 1b-c) . To detect the potential role of SOX5 in the progression and chemoresiatance of LAD, we examined the expression of SOX5 in different LAD tissues. As shown in Supplementary Fig. 1d-e and Supplementary Fig. 6c-d, SOX5 was expressed higher in insensitive LAD tissues and tumor tissues. Kaplan-Meier survival curves indicated that high level of SOX5 was correlated with the low PFS and OS (Supplementary Fig. 1f-g ). Finally, the positive expression association between SOX5 and FOX-A1 was analyzed in LAD tissues (Supplementary Fig. 1h ). To further confirm the ChIP sequencing data, qRT-PCR and western blotting detection of mRNA and protein expression of SOX5 were performed in SPC-A1 or SPC-A1/DTX cells transfected with pcDNA-control (pcDNA-FOX-A1) or sh-control (sh-FOX-A1#1) and indicated that FOX-A1 could significantly upregulate SOX5 expression (Fig. 5a-b) . Next, to further determine whether FOX-A1 could regulate SOX5 transcription, a SOX5 promoter luciferase construct, (−1990/0) SOX5, was cotransfected with pcDNA-FOX-A1 into SPC-A1/DTX cells. A luciferase reporter assay indicated that FOX-A1 could transactivate SOX5 promoter activity (Fig. 5c) .
To further define the potential mechanisms by which FOX-A1 mediated SOX5 expression, the promoter region of the SOX5 gene was analyzed using open online databases (Consite and PROMO). Then, five putative complementary FOX-A1 binding sites were found and are depicted in the schematic of the human SOX5 promoter. Next, serially truncated and site-mutated regions of the SOX5 promoter were constructed and cloned into a pGL3-basic vector, and the luciferase reporter vectors were then co-transfected into SPC-A1/DTX cells with Renilla luciferase and pcDNA-control (or pcDNA-FOX-A1). A dual-luciferase reporter assay was then performed to measure the relative luciferase activity and demonstrated that the first, second and fifth FOX-A1 binding sites were responsible for transactivation of SOX5 by FOX-A1 (Fig. 5d) . To further determine whether FOX-A1 interacted with the FOX-A1 binding sites in vivo, a ChIP assay was performed in SPC-A1/ DTX cells using antibodies that directly targeted FOX-A1, and the results showed that FOX-A1 directly bound to the first, second and fifth FOX-A1 binding sites in vivo (Fig. 5e) . Next, ChIP assay further demonstrated that the upregulation of FOX-A1 increased the binding of FOX-A1 to FOX-A1-binding sites within the SOX5 promoter (Fig. 5f ). Collectively, SOX5 might be a new and direct target of FOX-A1.
Inhibition of SOX5 suppressed chemoresistance, migration, invasion and EMT of docetaxel-resistant LAD cells
The expression level of SOX5 was detected in parental LAD cells and docetaxel-resistant LAD cells. Consistent with FOX-A1, SOX5 was expressed higher in docetaxel-resistant LAD cells than that in parental cells (Supplementary Fig. 5a ). To further understand the functional roles of SOX5, the vector containing sh-SOX5#1, sh-SOX5#2, sh-SOX5#3 or control was transfected into docetaxel-resistant LAD cells. The sh-SOX5#3 vector was confirmed to be the most efficient shRNA against SOX5 (Fig. 6a) . Similarly, we overexpressed it in two parental cells by transfecting with pcDNA-SOX5 and empty vector (Supplementary Fig. 5b) . Next, IC 50 values of docetaxel detected using a CCK-8 assay in sh-SOX5#3-transfected SPC-A1/DTX and H1299/DTX cells (431.1 ± 47.3 μg/L and 415.7 ± 37.6 μg/L) were significantly lower than those in sh-control-transfected SPC-A1/DTX and H1299/DTX cells (615.4 ± 62.7 μg/L and 633.5 ± 57.6 μg/L) (Fig. 6b) . The increased IC 50 value was examined in parental cells transfected with pcDNA-SOX5 compared to cells transfected with empty vector (Supplementary Fig. 5c ). Moreover, suppression of SOX5 significantly reduced the colony formation capacity of SPC-A1/DTX and H1299/DTX cells in vitro while promoted cell apoptosis (Fig. 6c-e) . However, overexpression of SOX5 led to the opposite results in parental cells ( Supplementary Fig. 5d-e) .
Next, we focused on determining the effects of SOX5 on EMT, migration and invasion of docetaxel-resistant LAD cells. First, the transwell and Matrigel transwell assay indicated that suppression of SOX5 significantly inhibited the migration and invasion of SPC-A1/DTX and H1299/ DTX cells (Supplementary Fig. 2a) . Then, western blotting indicated that the expression of E-cadherin was significantly increased in sh-SOX5#3-transfected SPC-A1/DTX and H1299/DTX cells compared with the control group. Conversely, the expression levels of N-cadherin and Vimentin were significantly downregulated in sh-SOX5#3-transfected SPC-A1/DTX and H1299/DTX cells compared with the control group ( Supplementary Fig. 2b) . Next, the immunofluorescence assay indicated that E-cadherin was dramatically increased while N-cadherin and Vimentin were significantly decreased in sh-SOX5#3-transfected SPC-A1/DTX cells compared with the control group ( Supplementary  Fig. 2c ). These data indicated the oncogenic role of SOX5 in the progression and chemoresistance of LAD in vitro.
For detection of the effect of SOX5 on the chemoresistance of docetaxel-resistant LAD cells to docetaxel in vivo, approximately 2 × 10 6 SPC-A1/DTX cells that were stably transfected with sh-control or sh-SOX5#3 vector were subcutaneously transplanted into nude mice. Once the tumor size had reached approximately 50 mm 3 , docetaxel was administered, and the tumor volume was measured. As shown in Supplementary Fig. 3a-c , respectively). Tumor weight was 0.18 ± 0.06 g in sh-SOX5#3-transfected group. Tumor weight was 0.60 ± 0.09 g in sh-control-transfected group (Supplementary Fig. 3c ). The body weight of nude mice in different groups was measured and illustrated in Supplementary Fig. 7d . Next, immunohistochemical staining revealed that inhibition of SOX5 significantly decreased the positive rate of Ki67 and PCNA ( Supplementary Fig. 3d-f) . TUNEL staining indicated that downregulation of SOX5 significantly increased the proportion of apoptotic cells (Supplementary Fig. 3d) . Moreover, the increased level of E-cadherin and decreased levels of N-cadherin and Vimentin were examined in sh-SOX5#3 group ( Supplementary  Fig. 3g ). Finally, Kaplan-Meier analysis revealed that low expression of SOX5 was significantly associated with a longer OS in mice (Supplementary Fig. 3h). 3.5. Upregulation of SOX5 partially abrogates the effects of knockdown of FOX-A1 on the enhanced chemosensitivity of docetaxel-resistant LAD cells
To further investigate the role of SOX5 in FOX-A1 signaling, rescue assays were carried out in two docetaxel-resistant LAD cells. Intriguingly, the IC 50 values of DTX in sh-FOX-A1#1-transfected docetaxel-resistant LAD cells were partially abrogated by transfection with pcDNA/SOX5 (Fig. 7a) . A colony formation assay revealed that the proliferation ability of the sh-FOX-A1#1-transfected docetaxel-resistant LAD cells was partially reversed by transfection with pcDNA/SOX5 (Fig. 7b) . Additionally, early apoptosis and cleaved caspase-3 expression in sh-FOX-A1#1-transfected docetaxel-resistant LAD cells were partially abrogated by transfection with pcDNA/SOX5 (Fig. 7c-d) . Previously, we have demonstrated that miR-451 regulated chemosensitivity of LAD cell lines. Here, we examined the potential regulatory relationship between miR-451 and FOX-A1/SOX5 axis. The results suggested that miR-451 and FOX-A1/SOX5 had no significant effect on each other ( Supplementary  Fig. 7e ). Collectively, our research findings revealed that FOX-A1/SOX5 axis enhanced resistance of LAD cells to docetaxel (Fig. 8 ).
Discussion
Acquired chemoresistance often results in failure of therapies, tumor metastasis and relapse [28] [29] [30] . Chemoresistance of cancer cells is correlated with drug efflux and various molecular mechanisms. So far, the underlying mechanisms responsible for chemoresistance in LAD still remains largely unknown. EMT process plays a pivotal role in driving chemoresistance in many types of human tumors, which indicates that reversing EMT progress might result in a reversal of chemoresistant characteristics of LAD cells [31] [32] [33] . Previously, our research group has established docetaxel-resistant LAD cells that exhibited EMT-like characteristics and increased invasion phenotypes. In this study, we found that FOX-A1 was upregulated in docetaxel-resistant LAD cells. Prior studies have demonstrated that dysregulation of FOX-A1 plays crucial role in driving tumor progression [34] . Moreover, upregulation of FOX-A1 can promotes LAD metastasis by transcriptionally activating lysyl hydroxylase 2 [35] . FOX-A1 is overexpressed in several endocrine-resistant breast cancer cell lines and triggers endocrine resistance [36] . However, it is unclear whether FOX-A1 regulates docetaxel resistance of LAD cells. Through functional assays with drug treatment, we determined that FOX-A1 contributed to docetaxel resistance by promoting cell proliferation, migration and EMT progress.
Expression levels of FOX-A1 might be linked to the prognosis of patients in a context-dependent manner, depending on the tumor typespecific transcriptional program. In our present study, the expression of FOX-A1 was found to be higher in insensitive tissues and tumor tissues. Furthermore, high expression levels of FOX-A1 were significantly associated with a shorter PFS and OS. The correlation of FOX-A1 with clinical index of LAD patients was analyzed by Cox regression analysis. Thereby, FOX-A1 can be identified as an independent prognostic factor for LAD patients. FOX-A1 is a transcription factor that can induced the upregulation of genes [35] . To search for the downstream targets of FOX-A1 in LAD, ChIP-seq was conducted. After data analysis, we determined that SOX5 is a potential target of FOX-A1. Further mechanism investigation revealed that SOX5 was a direct transcriptional target of FOX-A1. Recently, SOX5 has been reported to play essential roles in stimulating the metastasis and progression of various tumors including breast cancer, prostate cancer, hepatocellular carcinoma and nasopharyngeal carcinoma [37, 38] . SOX5 is known as an oncogene that can promote metastasis and EMT process in human prostate cancer [39, 40] . Mechanistically, SOX5 activates Twist1 by binding to the Twist1 promoter, which results in the promotion of EMT of breast cancer cells [41] . However, little is known concerning whether SOX5 is involved in promoting EMT and chemoresistance of docetaxel-resistant LAD cells. In this study, we demonstrated that SOX5 is upregulated in docetaxel-resistant LAD cells. Knockdown of SOX5 reverses EMT to MET, attenuates metastatic characteristics and reverses the chemoresistance of docetaxel-resistant LAD cells. Similarly, the expression of SOX5 was higher in insensitive tissues and tumor tissues. Upregulation of SOX5 predicted poor prognosis in LAD patients. Interestingly, overexpression of SOX5 partially abrogates the effects of FOX-A1 knockdown on reversal of the chemoresistance of docetaxel-resistant LAD cells. Taken together, these data elucidate an original FOX-A1/SOX5 pathway that represents a promising therapeutic target for chemosensitizing LAD and provides predictive markers for evaluating the efficacy of chemotherapies. There are some limitations in our present study. For instance, the mechanism associated with the upregulation of FOX-A1 and SOX5 need to be further explored. The mechanism responsible for the interaction between FOX-A1 and SOX5 still needs further investigation. We will investigate the molecular mechanism associated with FOX-A1/SOX5 axis in our future research.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2019.05.046.
